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Abstract
To slow climate change, humans should take immediate and widespread action. One
way to slow climate change is by switching to switch to renewable power plants
such as solar fields. Recently, pioneering companies have built solar fields on water
bodies. This study found that such a pairing of water and solar could increase
production efficiency by 8‐10% through panel cooling, save millions of liters of
water from evaporation, and produce energy with under‐utilized space.
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Glossary
Symbols
E‐ energy, [Wh] unless specified
EV‐ evaporation [mm/day]
F‐ modifier for wind speed used in Linacre’s evaporation equation
m2‐ square meters
T‐ Temperature [°C] in Celsius
t‐ time [h], in this study always 1 hour
u‐ wind speed [m/s] at 2 meters above the surface
W‐ wattage, a unit of power
Wh‐ Watt hours, a unit of energy
z‐ altitude [m]
α‐ thermal conductance coefficient
β‐ temperature coefficient; fractional rate of efficiency change per temperature
change [Δη/K]
η ‐ solar panel efficiency; dimensionless conversion rate of solar irradiance to
electric power
Φ‐ irradiance [W/m2]‐ the flux of energy into or through a surface
Subscripts
cooled‐
dew‐
re

cooled with water

the dew point

– reference, usually taken from a solar panel’s data sheet as in Appendix A: STP
305 Datasheet

panel‐

the solar panel without additional cooling

Usual‐

without additional water cooling

Terms
NOCT‐ nominal operating cell temperature
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Introduction
Climate change threatens the well‐being of humanity on a larger scale than
any other catastrophe in human history. A hotter world makes larger storms, more
sporadic rainfall, and higher amounts of disease [1]. Drought, flood, and famine all
increase with climate change [1]. Aggregate global temperatures are rising due to an
increase in greenhouse gases, such as carbon‐dioxide (CO2), in the atmosphere [2].
Humans have released additional greenhouse gases into the air mostly by burning
fossil fuels for power although also through deforestation and other processes [2].
By burning fossil fuels, people worsen climate change.
The rate at which humans burn fossil fuels for energy has swelled. In the
United States, the consumption of energy has more than doubled in the last sixty
years, with more than 80% of the total energy coming from fossil fuels as seen in
Figure 1 [3]. Connected to the use of more fossil fuels, the world’s rate of CO2
emissions has likewise increased by 39% from 1990 to 2009 [4]. An increase in CO2
emissions leads to faster and more dramatic climate changes [2].
Figure 1: U.S. Primary Energy Consumption by Major Source, 1949‐2012 [3]

In addition to exacerbating climate change, current power plants consume
water on a large scale. In the United States, excluding agriculture (the largest
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consuming sector), the energy sector makes up 27% of the nation’s water
consumption [5]. To generate electricity, fossil fuel and biomass power plants burn
fuel to boil water. The steam then turns turbines, which produce electricity. The
steam is then cooled with additional water [5]. Water is also consumed by the
energy sector through resource extraction, refining and processing of materials, and
transportation [5].
Water consumption is an especially important concern for the South‐West
United States. Most of this arid region depends on a few large sources of water.
Bureau of Reclamation Accountant, Paul Matuska says that 80% of the South‐West
relies of the Colorado River’s waters [6]. As population grows and demand for both
energy and water rises, water sources like the Colorado will become increasingly
strained. Furthermore, climate change models predict a decrease of 10%‐30% in
flow from the Colorado River in the next fifty years [7]. Already a scarce resource in
the South‐West, water is being consumed to generate energy from fossil fuels.
To shift power production away from the use of fossil fuels, many suggest
turning to renewable energy sources for electricity. Of the many possible renewable
energy sources that do not emit CO2, only solar power or wind power can match the
current world power demand without other sources [8].
Moreover, the shift to solar power can reduce the water consumption of the
energy sector. Photovoltaic solar power consumes less than a hundredth of the
water consumed by power plants burning coal, shale gas, or other fossil fuels [5]. A
switch from fossil fuel power to solar power will both decrease emissions of CO2 and
decrease water consumption.
Photovoltaic power often comes from rooftop panels or fields of panels on
otherwise undeveloped land. However, a few pioneering companies have deployed
solar arrays on water bodies [9–12]. Solar panels can benefit in a number of ways
from deployment on water, such as efficiency benefits from cooling and cleaning
[13], [14]. Furthermore, a switch to solar power deployed on water can reduce
water loss through reduced evaporation. Though known to be beneficial, the boons
from floating solar panels have not been publically quantified, making floating

McKay 8
panels an uncertain investment. This study quantifies some of the advantages of
photovoltaic panels deployed on water reservoirs.

Background
Renewable Power Sources
Renewable power, though growing, remains a small portion of the United
State’s power portfolio. As of 2010, only 8% of the United States’ energy was made
from renewable sources, and only 5.6% was made from non‐hydropower, as seen in
Figure 2. Shifting energy production to renewable sources is of national importance.
When entering the presidency in 2008, President Obama planed to increase the
renewable portion to 10% by 2012 and 25% by 2025 [15]. To meet President
Obama’s goals and to slow climate change, the United States’ renewable energy
proportion will have to greatly increase soon.
Figure 2: Source of US Primary Energy Consumption in 2010 [3]

Of the many types of renewable power sources, only a few have the scale to
power a significant portion of the sixteen terawatts (16 TW) the world uses [8].
Neither hydropower (3‐4 TW) nor biofuels (2‐6 TW, including wood), which are
both indirect forms of solar energy, match the global need. Nuclear fission of
uranium, another alternative but non‐renewable power source, requires processing
and extraction on a scale that is not currently able to match the world’s power
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demand [8]. Worries about weapons proliferation and environmental concerns also
shadow Uranium‐based nuclear power’s potential. Wind power (25‐70 TW) could
theoretically be stretched to meet the world demand. On the other hand, the
potential for solar power of 23,000 TW more than covers the 16 TW used by
civilization [8]. The calculation of 23,000 TW assumes the atmosphere deflects and
absorbs 65% of the irradiance, and only takes into account emerged continents [8].
At the current photovoltaic panel efficiency of 15% conversion into power [16], and
assuming all areas of the planet receive uniform irradiance, about .5% of the land
would need to be covered in solar panels to meet the world demand. Though not
meant as a practical solution, a common solar analogy is that a single large county in
Nevada covered with PV panels could produce as much power as the US consumes
[17]. From a long‐term view, solar power seems to be the best source of sustainable
power.
Although solar power cannot displace all fossil fuel power in the short‐term,
the first steps in fossil fuel reduction will have the largest effects. Initially, solar
power will displace fossil fuel‐based electricity production such as coal or natural
gas power plants. Each watt of renewable power could replace a watt from the
dirtiest fossil fuel plant, whether “dirtiest” is measured in greenhouse gasses
emitted, air pollution produced, or another metric of waste. In the long‐term, a
complete conversion to solar power requires changes in manufacturing and
transportation systems. Petroleum used in transportation cannot be directly
replaced with solar power without a secondary conversion of gas vehicles to electric
vehicles. The largest reductions in waste will come from displacement of the first
and most wasteful power plants.

Solar Power
Within the realm of solar power, one can use the sun’s light in a variety of
ways. Designers can incorporate passive solar heating by window and eave
placement. Alternatively, a series of exposed hosed can warm a family’s water with
solar thermal heating. Both of these solar capture methods are limited to heating. In
comparison, electricity can be used for anything from lighting lamps to cooling food.
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An electricity‐generating technology called “concentrated solar power” uses mirrors
to concentrate solar rays to heat a liquid. The liquid then turns to steam and turns a
generating turbine [5]. As with fossil fuel plants and as discussed later in the section
on Displaced Water Use, concentrated solar power consumes large amounts of
water.

Photovoltaic Generation
Photovoltaic (PV) generation, converting light directly into electricity,
remains the most well‐known form of solar power generation. The following section
summarizes how PV panels work.
PV cells are made with semi‐conductors that have one layer with easily
movable electrons (the N type) and the other with easily movable electron holes
(the P type). The junction of these two sides creates an electric field that only allows
electron flow in one direction. Photons of sunlight that hit the semi‐conductor will
excite electrons, making freely moving electron and electron hole pairs. Electrons
are able to move through the N layer and the electron holes through the P layer.
Unable to pass through the junction to the P side, excited electrons can be conducted
to the other side (the P side) through the front contact, then a wire, and finally
through the back contact. Eventually the electrons recombine with electron holes. If
a load, such as a light bulb, is connected to the wire so that any flow of electrons
must flow through the load, then the load will receive electricity [18].
Figure 3: Operation of a Basic Photovoltaic Cell [19]
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Semi‐conductors have a characteristic energy band‐gap required to excite
the electrons. Because the sun emits light in a spectrum of energies, only the portion
of light with more energy than the band‐gap will excite electrons. Also, the panel
only captures the band‐gap worth of energy. High‐energy photons from light still
only contribute the band‐gap worth of energy to the load. PV makers must choose a
material so that the band‐gap does not exclude too many low‐energy photons, but
still captures plenty of energy from high‐energy photons. Another approach to
improve efficiency is the use of multi‐junction cells [19]. Individual cells are then
clustered together and connected to make panels or modules.
PV panels create electricity from sunlight without emitting CO2. Nevertheless,
PV deployment has met obstacles in growth. Panels need flat spaces away from
shading. In urban areas where electricity demand is high, the value of land is also
high. Some panels can be built on rooftops, but rooftop PV panels are limited in a
number a ways.
Many residents do not control what is on their roofs; people that rent houses
and apartments cannot choose to build solar panels. Instead landlords have control
over the building of solar panels. Some estimates suggest 44% of residents in
California rent their living space and thus cannot put solar panels on their own roofs
[20].
Assuming that landlords as well as business owners agree to cover roof area
with solar panels, not all roof area is appropriate. In a study done by the National
Renewable Energy Laboratory (NREL), most roof area is not suitable for solar
panels due to slope, shading, and other factors. For residential roof area in the
United States, only 22‐27% is suitable (with hotter, more arid climates at the higher
end due to less tree cover.) On commercial roofs, which tend to be flatter, the study
reports 60‐65% of roof area is suitable for PV generation [17].
To put the total potential of residential and commercial rooftop PV
generation in perspective, the study suggest only about 22% of the U.S. energy can
come from rooftop PV with current technology. Furthermore, the cost to power
ration on a sunny, flat building in Nevada is less than on a roof in foggy San
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Francisco [17]. As the most productive rooftops are covered with panels, additional
panels will be less cost effective.
On the other side of the spectrum, in areas with lots of irradiance and low
land prices like deserts, electricity has to be transported long distances to reach
users; already, 7.6% of United States’ electrical energy is lost during transmission
and distribution [21]. Furthermore, even in isolated desert landscapes, a solar field
and the required transmission can disrupt ecosystems. In 2009, conservation
groups raised a lawsuit against a large solar development planned for the Mojave
Desert. The conservation groups claimed development would threaten species such
as the fringe‐toed lizard [22]. PV developers must face obstacles even when building
on undeveloped land.
Issues of space and transmission have spurred incorporation of solar panels
into existing developed spaces. For example, with the development of durable and
thin solar panels, IBM predicts sidewalks, rooftops, and windows will be infused
with PV panels in the next five years [23]. Belgium has already combined solar
panels with sound barriers bordering roadways [24].
The focus of this study is the benefits of placing of solar collectors on another
already‐used space: water reservoirs. Reservoirs, especially reservoirs created by
hydroelectric dams, offer a combination of beneficial functions for PV panels.

Benefits of Floating Photovoltaics
Locating PV panels on water bodies, a method coined as “Floatovoltaics”[10],
[11], [25], [26], extracts numerous benefits for the panels. The water of a reservoir
can act as a cooling mechanism for the panels, boosting the PV panel’s efficiency.
Although temperature has the largest daily change on the efficiency of PV
panels, over time the panels’ lack of cleanliness can cause significant efficiency
losses. Collected dust shade the modules. In a dusty environment, 119 grams of dust
per square meter (the equivalent of 100 days of dust accumulation) will cause a
decrease of 10% efficiency [13], [14]. Lake water makes cleaning (and thus optimal
efficiency) readily available.
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Along with cleaning and cooling, reservoirs offer other benefits to solar
development. Rick Borry, the chief technology officer of the photovoltaic firm
Principle Solar, expounded on the reasons to build on agricultural reservoirs. He
said such unused reservoirs have “wide open spaces, no shading issues, it’s perfectly
flat so there are no grading issues, no alternative use issues, and it should have very
low environmental impact studies” [11]. In addition to the benefits on artificial
water storage reservoirs, on hydroelectric lakes the power could be distributed
using the existing transmission infrastructure. Hydropower stations already have
power lines connecting to the grid as well as equipment for working on high‐power
electrical systems. Connecting a solar array to the existing power grid would save on
transmission infrastructure costs.

Benefits for the Water System
The relationship of the water source and the solar panels is mutually
beneficial. In return for cooling and cleaning services, the panels shade the lake.
Increased shading decreases both evaporation and algae growth. . On a farm
reservoir in Spain, a covering reduced evaporation by 85%, and qualitative signs of
water quality improvement were observed [27]. With enough nutrients and
sunlight, algae blooms can grow in irrigation reservoirs, causing lower dissolved
oxygen levels and clogging machinery. Taner, Carleton, & Wellman predict that
climate change will increase the nutrient inflow into lakes, increasing the likelihood
of algae blooms [28]. Also, water saved in hydroelectric lakes has extra value as
stored potential energy. The need for water and the reduction in algal growth will
increase in importance as the climate warms.

Current Enterprises
In conjunction with the many benefits of the union between solar power and
bodies of water, there come technical difficulties. For example, PV modules output
power in direct current (DC). Before joining the main grid, inverters have to change
the power into alternating current (AC) [29]. The scaling and location of such

McKay 14
inverters on floating docks pose a safety hazard [30]. Furthermore, when the
reservoir water level drops, the floating panels are at risk of hitting the bottom.
However, these issues and more have already been tackled by a number of
pioneering companies. Floating PV fields have been deployed on large scales in
France and Italy, and in vineyards of the Netherlands and California [10], [11], [25],
[26]. Talk of further development is reaching as far as India, Australia, and the
Middle East [9]. In 2011, Solaris Synergy and SPG Solar, both companies offering
floatovoltaics, proposed to the California State Water Project to cover the miles of
Southern California’s aqueducts with floatovoltaics [9]. A city report in Santa Fe,
New Mexico recommended incorporating floatovoltaics as part of the energy plan
[31]. The idea of generating solar power on reservoirs has set sail.

Modeling
Though companies have deployed floating PV fields on idle irrigation
reservoirs, none have yet build floatovoltaics on dam‐created lakes. Including both
irrigation and recreational lakes, fresh water reservoirs are vast tracts of surface
area for solar collection. The U.S. census data shows that excluding marshland,
temporarily covered land, lakes smaller than 40 acres, and streams less than an
eighth of a mile wide, the US has over 250,000 square miles of water coverage [32].
Using the NREL’s estimate for rooftops of 110 W/m2 PV production [17], the total
area of water is more than the needed area of solar panels to meet the total U.S.
energy consumption [33]. Although Sunergy has mentioned some benefits of a
hydropower and solar power pairing, no company has yet built a dam/solar panel
combination [12]. To push the feasibility of floatovoltaic ventures, this study
quantified two of benefits of the fusion: increased efficiency from cooling, and
decrease in evaporation.

Scale
To additionally investigate the scale of a water bodies’ affect on feasibility, I
studied three sites: Silver Lake, Folsom Lake, and Lake Mead.
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Silver Lake is a small drinking water storage reservoir (~100 acres) in
downtown Los Angeles [34]. Connected to Silver Lake is another reservoir, Ivanhoe.
In 2008, carcinogens were found in Ivanhoe. In the presence of sunlight, Bromide
(which is naturally found in groundwater) and Chlorine combined to form a toxin.
To prevent short‐term future contaminations, Los Angeles covered Ivanhoe with
small plastic balls to shade the water. Silver Lake is at risk of the same chemical
reaction. For long‐term shading of both reservoirs, the city is building an
underground reservoir. Alternatively, covering both reservoirs with solar arrays
would intercept sunlight and turn it into a resource [34].
Folsom dam, a mid‐range hydroelectric dam, creates Folsom Lake (~10,000
acres) near Sacramento. Like all California power producing lakes, Folsom Lake is
used for recreation.
Lake Mead (~100,000 acres) is created by Hoover Dam and is the largest
water reservoir in the United States.
These three sites represent the spread of reservoir scales in the US. As seen
in Figure 4, both Silver and Folsom Lake are close to metropolitan areas. Though not
seen in the image, Lake Mead rests near Las Vegas. All three are important water
sources for large cities but of different magnitudes.
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Figure 4: Images of the Lakes From left to right on top and bottom: Silver Lake
Reservoir [35], Folsom Lake [36], Lake Mead [37]. Bottom images have the same
relative scale [38].

©2012 Google

©2012 Google

©2012 Google

Cooling
Background
Solar panels decrease in efficiency at hotter temperatures due to their
material components. PV cells are made with wire, semi conductors, and diodes, all
of which have higher resistance at higher temperatures. The Physics Hypertextbook
explains the cause of the increase as a quantum mechanical phenomenon. Thermal
vibrations in a solid can be thought of as a wave of microscopic particles called
phonons. Phonons bump into flowing electrons, impeding their drift from high to
low potential. As temperature increases, there are more phonons, and electrons are
disrupted more often [39].
As PV cells heat up, more power is turned into waste heat instead of output
as electricity. On hot days, PV panels can lose up to 10‐15% of their power [40],
[41]. A few studies have actively cooled modules to increase the module’s
production. In his study in 1997, Jah Prakash pumped cooled air or water through a
duct behind the panels [42]. His graphs report an increase in power of ~19%, but
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the panels were less efficient than modern panels, and the samples were only taken
on one day [42]. More recently, P. Prudhvi and P. Sai in 2009 poured a thin layer of
water over the front of the solar panels, improving the module’s production by
7.75% [41]. According to Stefan Krauter, the thin water layer reduces reflective
losses in addition to cooling the modules [43]. Either method, a thin surface layer or
a duct behind the panel, could be used for the floating PV systems.
Temperature Coefficient
Thorough studies have measured and modeled solar panel efficiency [16],
[41], [44–46]. With the exception of small cell‐specific variations, the maximum
power is linearly related to both temperature and irradiance[44]. The amount of
change in cell efficiency when the temperature changes is described by the
temperature coefficient, marked as β, and is in units of fractional efficiency change
per Kelvin. Note that β does not describe the change in energy production, but the
change in the efficiency of power conversion from solar to electrical power. In this
study, my model used Equation 1 with data taken from the test panel’s datasheet as
seen in Appendix A: STP 305 Datasheet. In the equation

"(TPanel ) = "Re (1# $ (TPanel # TRe ))

(1)

the cell’s efficiency η at temperature TPanel depends on the reference efficiency ηRe,
!
the temperature coefficient β, and the reference temperature TRe. Basically, the cell’s
conversion of sun energy to electric energy is measured at a reference temperature
TRe, and reported as the cell’s efficiency, ηRe. As the temperature between the panel
and the reference temperature (TPanel –TRe) grows, the efficiency changes at a rate of
β. Thus, β is in units of fractional efficiency change per change in temperature.
Cell Temperature
During the day, the temperature of the panel’s surface increases to higher
than the temperature of the ambient air. S.‐H. Yoo and E.‐T. Lee measured average
panel temperatures of around 30 °C peaking up to 80 °C on days when the
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maximum air temperature reached only 20 °C [47]. My model incorporates a
formula adapted from Prudhvi and Sai’s study,
Tpanel = Tair + ((NOCT " 20) /80) # ($ /10)

(2)

where NOCT is the nominal operating cell temperature given by the manufacturer
!
and Φ is the irradiance [W/m2] [41]. For example, the NOCT of the panel used in this
study is 45 °C. In Prudhvi and Sai’s paper, Φ is in units of mW/cm2, so the “/10”
converts conventional W/m2 into Prudhvi and Sai’s units. The “20” and “80” in
Equation 2 are unexplained coefficients from Prudhvi and Sai’s paper and are
assumed to have the units of °C and mW/cm2, respectively [41]. The “20” °C likely
refers to room temperature or the two numbers are fixed to empirical data. As an
example, at noon on July 1st in Los Angeles, Equation 2 predicts a panel temperature
of 53 °C (127 °F) when the air temperature is just 23 °C (74 °F), which is a smaller
difference than in Yoo and Lee’s measurements [47]. Besides Prudhvi and Sai’s
equation, no panel temperature equations were found.
Irradiance
Panel manufacturers give the wattage of panels measured at an irradiance of
1000 [W/m2]. At different irradiances, the cells still absorb the same fraction of
power +5% [48]. For example, under irradiance of 500 [W/m2], the panel will
produce half of the reference wattage.
Cooling Fraction
During the day, the cell’s temperature and water temperatures will differ
greatly. Pumping water over or behind the panels will bring the panel temperature
closer to the water temperature. In the Prakash study, a 1 cm duct with a flow of 40
kg of water per hour transferred the heat with 64% efficiency [42]. In the current
study, the thermal conductance coefficient is denoted as “α” (α=.64 in the Prakash
study). An α=0 means the cooling did not change the panel temperature, and α=1
means the panel’s temperature was completely cooled to the water temperature.
This conductance coefficient can be increased with more thermally conductive
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materials, flow on both sides of the panel, and coolants running in countercurrent
heat exchangers. The model incorporates a thermal conductance coefficient of 0.9.
In other words, the panel temperature is reduced nine tenths of the way to the
water temperature. Thus, the equation
Tcooled = Tpanel " # (Tpanel " TWater )

(3)

predicts the temperature of the cooled solar panels (Tcooled) with water at
!
temperature Twater, the not‐cooled panel at temperature Tpanel, and the thermal
conductance coefficient of α.
Sampling time
To find the long‐term effects, the model spans back one year from the
beginning of the project: from September 2011 to September 2012. This was the
most recent data available at the time I began data collection.
Air and panel temperature as well as solar radiation vary over a daily time
span. I used the available hourly data for the daytime hours of 6:00am to 8:00pm.
Depending on weather, daily efficiency change averages can vary by a factor of 2. To
incorporate such variance, the model calculates every sunlight hour of each day for
the year.
Panel Type
Most PV panels are either made of crystalline cells or thin film cells. Although
a few utilities used thin film cells and thin films comparable or slightly cheaper per
watt, I choose to model crystalline cells for two reasons [49]. First, crystalline cells
produce more power per square meter [49]. For floating photovoltaics, the
structure to float and hold the panels will be more costly than on land. The amount
of area used contributes more to the total cost on water than on land. Thus the
power of the chosen panel per square meter is more important on water than on
land, and crystalline cell is a better choice. Second, crystalline cells have higher
temperature coefficient than thin film cells [49]. Cooling the panels with reservoir
water will benefit crystalline panels more than thin film panels. If floatovoltaic
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developers plan on cooling theirs panels, they are more likely to use the crystalline
type.
The largest PV panel manufacturer is China’s SunTech. SunTech offers a small
range of utility grade polycrystalline panels. Most efficient of these panels is the STP
305 W. It has a temperature coefficient β= ‐0.0044 [Δη/K] [48]. SPG Solar, which
uses the customer’s choice of panel, has installed SunTech panels on floating
apparatuses [49]. Being a likely candidate, the model uses the SunTech’s 305 W
product as an example PV panel. The datasheet for SunTech’s 305 W is reproduced
in Appendix A.
In their review of solar panel efficiencies, Skoplaki and Palyvos reported the
β values of studies of different panel types. They reported mono‐crystalline silicon
panels with a β=‐0.003 to ‐0.005, poly‐crystalline silicon panel with a β=‐0.004, and
photovoltaic/thermal combinations with β=‐0.00375 to ‐0.006 [50]. The SunTech
panel’s β agrees with Skoplaki and Palyvos’s ranges.
Data Sources
For Silver and Folsom Lake, hourly air temperatures and irradiance are
gathered from California Irrigation Management Information System (CIMIS)
stations. The stations are in Glendale, eleven miles north of Silver Lake [51], and
Fair Oaks, six miles south of Folsom lake. Monthly water temperatures for both
lakes are from the California Water Data Exchange. The closest reservoir to Silver
Lake with water temperature measurements is Castaic Lake, sixty miles to the north
[52]. Monthly water temperatures for Silver Lake are assumed to be the same as
reported by Castaic Lake. For Folsom Lake, water temperatures were taken from a
station just downstream of Folsom Dam [53]. Though the water released by the dam
does not come from the lake surface, average temperatures of a stream above the
lake only varied by + 2 °C from the below‐dam measurements [53], [54].
For Lake Mead, hourly air and water temperatures and irradiance were taken
from a floating station on Lake Mead called Sentinel Island [55].
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Calculation
Combining the efficiency change from the temperature in equation 1, the
irradiance fraction, and the data, the model uses the following equation to calculate
the usual hourly energy (Eusual):

EUsual = Pre ⋅

Φ Hourly
⋅ (1+ β (Tpanel − Tre )) ⋅ t .
Φre

(4)

Pre is the reference wattage of the panel, in this case 305 [W]. The reference power
is then scaled based on the current irradiance (ΦHourly [W/m2]) and the reference
€
irradiance (ΦRe [W/m2]). The power is then adjusted based on the temperature of
the panel (Tpanel), the reference temperature (TRe), and the temperature coefficient
(β), as in Equation 1. To convert instantaneous power into energy over a period of
time, the power is then multiplied by the length of the sample time (t), which is 1
hour in this study. Thus, EUsual is in units of watt‐hours [Wh]. To find the energy
produced when the panels are cooled (Ecooled), one only needs to replace Tpanel with
Tcooled from Equation 3. The sum of production from all daytime hours predicts the
yearly energy production of a panel, and the difference between the cooled and
usual sum shows the effect of cooling the panels.
Results
The percent change of energy produced when cooled is 10% for Silver Lake,
12% for Folsom Lake, and 10% for Lake Mead. Figures 5 and 6 show an example of
the model for Silver Lake on September 23rd, 2011. Figure 5 shows the air, water,
and usual (not cooled) and cooled panel temperatures. Figure 6 shows the power
generation for a cooled and not cooled panel. The area under the curve is the energy
produced for the day. The horizontal axis in both figures represents the time of the
day in military form.
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Figure 5: Temperatures for Silver Lake, Sept. 23rd
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Figure 6: Solar Power for Silver Lake, September 23rd
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Evaporation
Background
Each of the three reservoirs loses precious water to evaporation. Shading the
water by adding solar panels decreases the amount evaporated. To gauge the
importance of the evaporation reduction, one must first estimate the amount
evaporating from each reservoir and then estimate the fraction of evaporation
reduced by shading.
Evaporation has been widely measured for centuries. In their review of
techniques, J. Finch and A. Claver identify five methods for measuring evaporation
[56].
1)

Pan Evaporation: For over two hundred years, surveyors have measured
the evaporation out of standardized metal pans. Precipitation is measured
separately and subtracted out of the net water level change. Because the pan
heats up around the edges, and other complicating factors, analysts usually
scale the pan evaporation by a standardized factor to estimate evaporation
from open water [56].

2)

Mass Balance: The mass of water entering a lake must be the same as the
mass leaving the lake. Based on this premise, some analysts calculate all the
inflows and outflows of a body of water and attribute the difference to
evaporation. With this method, data such as the precipitation, the runoff of
the watershed, the underground seepage and more must be measured or
approximated. Any error in data directly relates to an error in evaporation
estimate [56].

3)

Energy Budget: Similar to a mass balance, an analyst using the energy
budget technique balances the incoming energy with outgoing energy. The
difference is attributed both to evaporating water and to moving the water
vapor away. Again, data such as the heat flux coefficients for water to air, the
spectrums of light incident, reflected, and absorbed by the water, and the
storage of heat in deep water are needed to make an accurate evaporation
estimation [56].
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4)

Bulk or Mass Transfer: This technique focuses on the boundary between
the air and water. Literature contains coefficients for the drag of water
related to wind speed for uniform open water such as the ocean. However,
lakes are not large enough to act uniformly. Additional complications include
the geometry of the lake, the surrounding plant life, and the need for accurate
wind speeds [56].

5)

Combination Equations: To reduce measurement errors or to make do with
available data, past scientists have combined these methods into more
general equations. The most famous is the Penman equation, developed in
1948 [56], [57]. In the literature, calculations for evaporation from open
water or plants most often use alterations of the Penman equation [56–58].
In this study, the data for the second, third, and forth methods were not

available for Silver or Folsom Lakes. The fifth method gives more accurate
approximations than extrapolations from pan measurements. Thus, a combination
equation based of the Penman equation developed by Edward Linacre for lakes was
used [58].
In addition to the quantity of water evaporated, an approximation for the
percent of evaporation reduced by shade is needed. Coving water bodies with a
canvas, shade‐cloth, or other objects intercepts the solar radiation and significantly
decreases the water body’s evaporation rate. In a study in Spain, shade cloth
reduced the evaporation from an agricultural reservoir by 80% [27]. Analysts in
Australia gave a mid‐range estimation of 70% reduction in evaporation by shading
the water with cloth [59]. In the evaporation estimation developed by Linacre, when
the irradiance (Φ) is set to zero, the evaporation is reduced by 75% for Folsom Lake.
This study’s model assumes a reduction of 70% of evaporation when a solar
apparatus covers a reservoir.
Theory
Linacre’s data‐spare estimation for lake evaporation is

EV = (0.015 + .00042Tair + 10−6 ⋅ z)[.8Φ − 40 + 2.5 ⋅ F ⋅ u ⋅ (Tair − Tdew )] .

€

(5)
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This equation uses the temperature of the air (Tair), the altitude of the lake (z), the
irradiance (Φ), the dew point (Tdew), a modifier (F) of the wind speed at two meters
(u), and gives the evaporation (EV) in mm per day [58]. The temperatures are in
[°C], the altitude in [m], the irradiance in [W/m2], and the wind in [m/s]. The wind
speed modifier is given by
F = 1" 8.7 #10"5 z .

(6)

Linacre mentions that the wind speed measurement (u) can be from a reasonable
!
distance away without damaging the equation’s accuracy [58]. For three American
lakes, the estimation from Linacre’s equation differs from the energy balance
method estimation by 5%. However, whether the energy balance or the Linacre
equation is closer to the actual evaporation amount remains unclear [58].
Results
The data from the same CIMIS stations as used in the solar production were
again used for inputs to equation 5 and 6 for Silver and Folsom Lakes [51], [60]. The
Linacre equation predicts evaporations of 1190 and 1470 [mm/year] for Silver and
Folsom Lakes respectively. For Lake Mead, the U.S. Geological Survey calculated
2303 [mm/year] using the energy balance method [61].

Discussion
The following section discusses subtleties of the results, relates the results to
other measurements, and suggests future areas of inquiry.

Cooling
The increase in efficiency from cooling predicted by the model agrees with
previous studies using other water sources [41–43]. The differences of the power
per unit area between the lakes are correlated to the differences in irradiance. Lake
Mead receives 11% more irradiance than Folsom Lake and produces 15% more
energy per unit area, as seen in Table 1. Likewise, Silver Lake receives 1.4% more
irradiance and produces 3% more energy per unit area than Folsom Lake.
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In Prudhvi and Sai’s study of active cooling, the energy of pumping water for
cooling took about 16% of the energy saved from cooling. Using 36 [W] for the
pump returned 225 [W] in cooling. They report using the most pessimistic
assumptions in their calculations [41]. The additional generated power more than
makes up for the power used to pump water across the panel. However, assuming
the same efficiency as Prudhvi and Sai, the gains in energy from cooling are reduced
to 9%, 10%, and 9% for Silver Lake, Folsom Lake, and Lake Mead respectively.
Whether the added electricity will overcome the added cost of building a
floating structure depends on the design of the apparatus. For the Lake Mead site,
the cooled panels produce 150 [kWh/(year*m2)]. This figure incorporates the
pessimistic assumption that only half of the area of the solar apparatus will be a
useable PV panel. To generate as much power as Hoover dam, 2.8 km2 or 4% of Lake
Mead’s area would need to be covered with solar panels. On Folsom Lake, panels
produce slightly less than on Mead, and a larger fraction of the lake area is needed to
match the dam. Table 1 summarizes the results of adding cooled PV fields.
Table 1: Summary of Energy Production
Silver Lake

Folsom Lake

Lake Mead

kWh/(m2*year)

138

136

150

Annual Irradiance

1.77

1.72

1.97

8.5%

9.9%

8.7%

N/A

6.6%

4.4%

[MW/(m2*year)]
Increase in solar power from
cooling (deducting pumping)
Percent of lake cover needed to
match the respective dam in
power

On Silver Lake, if the entire lake were covered with a floating field, the area
would produce 53 GWh per year. This amount of energy is equivalent to the
residential electricity use of 29,000 people in Los Angeles [62]. The electricity
production is reported in units of energy per year instead of power to highlight that
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solar power is not evenly distributed over time, but instead only available during
periods of sunshine.
Furthermore, as explained by Sunengy’s CTO, the coupling of solar and
hydropower excels at meeting the macro‐scale demands of electricity. The hours of
peak use of electricity correspond to daylight hours when PV panels will be
producing. But solar power is inconsistent and does not produce during the night.
To provide baseline power during the night and to balance the variability of solar
power, the dams can release water on demand as seen in Figure 7 (based of P.
Connor’s graph [12]).
Figure 7: Complimenting Hydro and Solar Power Loads
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Moreover, if the energy generated by the solar field exceeds the electricity
demand, the extra energy could be stored in the form of water pumped back up into
the lake. If the dam release is balanced inversely to solar production, low release
when the sun is out, and high release when the sun is not, the power produced by
the hydro‐solar fusion would never overtake the capacity of the dam’s transmission
lines. Instead of using a separate coal or petroleum power plant, hydro and solar
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plants could provide all the needed power through a single transmission system
[12].

Evaporation
Shading reservoirs saves large amounts of water. In Los Angeles, where
water has to be pumped long distances for use, covering Silver Lake would save 320
million liters of water annually [63]. The reduction is equivalent to the residential
water use of 2,800 people in Los Angeles [62]. This group of residents is an order of
magnitude smaller than the 29,000 residents that would use the solar panels’
electricity. Although much smaller than the benefit of electricity, evaporation
reductions still conserves a scarce resource.
On the two hydroelectric lakes, shading both conserves water and retains
potential energy of the water. Using enough panel area to match the yearly
production of their relative dams, Folsom Lake and Lake Mead would save 4.5
billion and 45 billion liters of water each year, respectively. These water savings are
only a few thousandths of the yearly flow of the dams. Thus, the potential energy
retained is also a few thousandths of the dams’ generation. The benefits of retained
potential energy are negligible compared to the electricity generated from adding
panels. The monetary value of evaporation savings is discussed later in the Cost
Analysis section.

Cleaning
In addition to reducing evaporation, floating PV panels offer easier cleaning
than PV panels on land. As before mentioned, 100 days of dust accumulation will
cause a 10% decrease in power [13], [14]. However, floating on water, PV panels
will not be surrounded by dust and sand and will not accumulate dust as quickly as
they would on land.
Additionally, when the panels are cleaned, water will only be moved a few
meters up from the lake rather than trucked in to desert locations, as terrestrial
fields require. During cleaning, water falling off the floating panels will return to the
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reservoir, ready for use, rather than falling to the ground to be dispersed. The water
recycles by design.
For general use, PV panels are estimated to take 75 cubic meters of water per
MW, a small fraction compared to other energy production methods. For cleaning,
developers of a solar field in Nevada estimate 15,500 cubic meters to clean their
thousands of acres of panels. Though the industry standard is cleaning twice a year,
a Nevada field will likely need more frequent cleaning. Over a year, the water use of
a terrestrial field near Las Vegas and Lake Mead will resemble that of ten average
Las Vegas households [64]. Moving the field onto water would save roughly $22
thousand a year assuming cleaning twice a year, assuming the Las Vegas water rate
(as discussed in the Cost Analysis section) and assuming only 10% of the lake water
is lost to evaporation. Though every bit is helpful, the water savings of cleaning
floatovoltaics is far less than the evaporation savings. Over a year, about a liter of
water per square meter of panel is used for cleaning. Roughly a cubic meter of water
per square meter of panel, equivalent to a thousand liters, will be retained from
evaporation.

Displaced Water Use
Not only do floating solar panels save water from evaporation and make
cleaning easier, but they also displace the water use of other energy sources.
Because energy producers often turn turbines with steam and use water as the
primary coolant, their water use is huge. Cooling thermoelectric power plants
makes up 3 to 4% of all U.S. water consumption [5]. Raw material extraction and
processing consume additional water. In the U.S., energy resource extraction,
processing, and energy production accounts for 27% of all water consumed besides
agriculture [5]. A group from the Harvard Kennedy School made the graph in Figure
8 of the consumption ranges of different types of energy production.
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Figure 8: Water consumption in Electricity Generation [5]

The letters in the parenthesis refer to the type of cooling technology used by the
producers: (OT) refers to “once through”. (CL) refers to “closed loop,” and (Dry)
cooling uses air as the primary coolant [5]. CSP stands for concentrated solar power.
As in most of the fossil fuel processes, concentrated solar power plants generally
condense their steam with additional water.
In the Western United States, home to all three of the studied lakes, fresh
water is a precious resource. In the South‐West, 27 million users depend on the
water from the Colorado river, the source of Lake Mead [7]. With desert cities like
Las Vegas and Los Angeles scrambling for water rights, practically all the water in
the Colorado is claimed [7]. Climate models predict less rainfall for the Southwest.
Changes in rainfall will likely decrease the Colorado River’s flow by 10‐30% in the
next fifty years [7]. In the Los Angeles and Las Vegas, climate change will likely
increase the value of already scarce water making water conservation an even
higher priority.
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Other Factors
Many factors other than just technical limitations restrict the progress of
floatovoltaic systems.
Political
As with any renewable resource that displaces fossil fuel consumption, fossil
fuel companies have an incentive to lobby against rival developments. Keeping
power supply low raises the price of fossil fuels.
Additionally, Folsom Lake, Lake Mead, and other large reservoirs are used for
recreation, and the introduction of floating PV fields would restrict the area of
recreation activities. As in most dramatic changes, the community should be a part
of the decision‐making process.
Ecological
Large fields of shade created by PV arrays may have significant effects on the
reservoir’s ecology. Small, artificial drinking water reservoirs such as Silver Lake are
not supposed to host floral and faunal life and will not be negatively changed with
addition of shading. In fact, shading would decrease algal growths that pose health
and technological risks [9], [11], [27], [59].
The effects of changing the shading patterns in the dam‐made lakes would
not be as straight forward. Biology Professor Nina Karnovsky hypothesizes shading
would reduce the density of microorganisms in the affected area. A decrease in
microorganisms would reverberate up the food chain [65]. Rotating the field to
different areas is a possible mitigation of the ecological effects.
On the other hand, large lakes often have stratified layers of water
temperatures. The lack of mixing creates a low oxygen water zone near the bottom
of the lake. Pumping water from the surface may increase mixing, increase oxygen
diffusion, and potentially increase the lake’s biomass [65]. Also, fish congregate
under floating objects [66]. If the solar apparatus could mimic the conditions of a
fish nursery, fish could benefit from the addition [65]. The ecological side effects of a
large‐scale, floating field remain unknown.
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Cost Analysis
The main metrics of this study are energy, power, and water. The task of
converting these savings and the yet un‐quantified risks into dollars lies in the realm
of economics. Moreover, the values of water, power, ecosystem services, and
materials are ever‐changing. Despite these challenges, I shall give a summary of the
economic landscape into which floatovoltaics would enter.
In order for floatovoltaic systems to be feasible, the cost of power from PV
sources will need to be close to costs of competing power sources. As of 2012, two
utility‐sized PV fields are being constructed on the California‐Nevada boarder, close
to Lake Mead [67], [68]. The development of these two sites suggests that solar
production is economically competitive in the area. The smaller of the two, Silver
State North, will have a capacity of 50 MW, while Silver State South will have a
capacity of 350 MW, larger than any existing array in the United States [67], [68].
As seen Table 1, these two terrestrial arrays compare to the capacity of the
Silver Lake (30 MW) and Folsom Lake (300 MW) arrays; the Lake Mead array
(2GW) would be more comparable to nuclear or large coal plants [69].
The Silver Lake array, though larger than any completed floating field, would
be smaller than Silver State North. According to the cost estimates of the U. S. Office
of Energy Analysis, building a terrestrial PV field the size of Silver Lake would cost
roughly $150 million [69]. Using the cheapest tier electricity for residents in Los
Angeles, the electricity generated by Silver Lake could be sold for $4 million
annually [70]. However, the rate for residents is likely subsidized and does not
contain the benefit of fossil fuel displacement. Moreover, the current project
proposed for replacing Silver Lake and Ivanhoe Reservoir, an underground
reservoir, costs more than double a terrestrial 30 MW array at $301 million [71].
Also, the city plans on building a small (4MW) hydropower plant in the
underground reservoir for $25 million and expects it to pay for itself in 10 years
[71]. At the hydro plant’s same capacity to dollar‐spent ratio, the solar array could
cost closer to $190 million (compared to $150 million for a terrestrial system). Note
that capacity measures peak performance and not total energy generated.
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The retained water from evaporation adds to the benefits of electricity
generation. But placing a value on water proves a difficult task, especially for Lake
Mead’s water. The Bureau of Reclamation, the owner of Lake Mead’s water, gives
away water for irrigation at no cost and for other purposes at drastically subsidized
rates [6]. Local water vendors sell the water at tiered rates that remain subsidized
by the government.
Though subsidies as well as the additional costs of pumping, cleaning, and
distribution influence municipal water prices, they remain an estimate for value. In
this study, I used the cheapest tier rate for water in Los Angeles, Sacramento, and
Las Vegas for the water value of Silver Lake, Folsom Lake, and Lake Mead,
respectively [63], [72], [73]. All three of the rates are within $0.6 to $0.81 per cubic
meter. Using these rates, evaporation saving from Silver Lake, Folsom Lake, and
Lake Mead, are $208 thousand, $3.7 million, and $36 million, respectively. These
revenues are an order of magnitude less than the revenue from electricity sales. For
example, as stated before, Silver Lake’s electric revenue would be close to $4 million
compared to $200 thousand of water savings with similar assumptions.
All benefits considered, for the conversion of terrestrial PV to floating PV, the
benefits of cooling, evaporation, and cleaning will need to overcome the costs of
building the floating structure, ecological mitigation, and safety catches. The cost
breakdown of utility‐scale PV terrestrial systems from another NREL study is shown
in Figure 9. In a floatovoltaic system, the costs of installation and labor will be more
than in a terrestrial system. The benefit of floating the panels is the sum of the 10%
increase in power from cooling plus the value of the water saved from evaporation
and cleaning. If these benefits outweigh the additional floating costs, then a
floatovoltaic system is feasible.
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Figure 9: PV Utility Scale Price Breakdown [74]

Future Work
Many questions remain to be answered in the new field of floatovoltaics. In
order to better quantify the evaporation benefits, a future study will need to find the
value of water for the target site. Ecological effects and other costs will need to be
predicted and then monitored upon apparatus installation.
On the design side of the future studies, engineers can continue to improve
the design of a floating apparatus. Other types of power generation, such as
concentrated solar power used by Solaris Synergy, may prove more effective in a
reservoir [26]. Also, the temperature difference in stratified lake holds potential
energy. Although the deep water temperatures were not available for this study,
deeper, colder water would increase the efficiency without much additional power
needed for pumping. In summary, floatovoltaics is a budding field with many
openings for investigation.
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Conclusions
Water reservoirs are untapped locations for solar power generation. Both the
water systems and the solar panels benefit in combination, especially when a solar
field is paired with a hydroelectric power plant. Cooling the solar panels with water
is predicted to increase power production by 8‐10%. Additionally, shading the
water with the array is predicted to reduce the evaporation losses by 70%. Floating
PV panels makes cleaning more efficient and conserves water but saves significantly
less water than evaporation retention. Though additional research questions
remain, floatovoltaics show great promise as a part of our nation’s renewable
energy plan.
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Appendix A: STP 305 Datasheet
SuperPoly STP305 - 24/Vd
STP300 - 24/Vd
STP295 - 24/Vd
Electrical Characteristics
STC

Junction box

STP305-24/
Vd

Drainage holes

!

Mounting slots
8 places

(Back View)

STP300-24/
Vd

Optimum Operating Voltage (Vmp)

36.3 V

36.1 V

35.7 V

Optimum Operating Current (Imp)

8.41 A

8.32 A

8.27 A

Open Circuit Voltage (Voc)

45.3 V

45.2 V

45.1 V

Short Circuit Current (Isc)

8.74 A

8.65 A

8.57 A

Maximum Power at STC (Pmax)

305 W

300 W

295 W

Module Efficiency

15.7%

15.5%

15.2%

Operating Module Temperature

-40 °C to +85 °C

Maximum System Voltage

1000 V DC (IEC) / 600V DC (UL)

Maximum Series Fuse Rating

Ground holes

STP295-24/
Vd

20 A

Power Tolerance

0/+5 %

STC: lrradiance 1000 W/m2, module temperature 25 °C, AM=1.5;
Best in Class AAA solar simulator (IEC 60904-9) used, power measurement uncertainty is within +/- 3%

NOCT

(Front View)

STP305-24/
Vd

STP300-24/
Vd

STP295-24/
Vd

Maximum Power at NOCT (Pmax)

221 W

218 W

215 W

Optimum Operating Voltage (Vmp)

32.6 V

32.5 V

32.3 V

Optimum Operating Current (Imp)

6.78 A

6.71 A

6.66 A

Open Circuit Voltage (Voc)

41.5 V

41.4 V

41.3 V

Short Circuit Current (Isc)

7.04 A

6.97 A

6.90 A

NOCT: Irradiance 800 W/m2, ambient temperature 20 °C, AM=1.5, wind speed 1 m/s;
Best in Class AAA solar simulator (IEC 60904-9) used, power measurement uncertainty is within +/- 3%

Current-Voltage & Power-Voltage Curve (300-24)

Temperature Characteristics

300

9
8

Nominal Operating Cell Temperature (NOCT)

250

7

5
150

4

45±2°C

Temperature Coefficient of Pmax

200

Power (W)

Current (A)

6

-0.44 %/°C

Temperature Coefficient of Voc

-0.33 %/°C

Temperature Coefficient of Isc

0.055 %/°C

100

3
2

50
1
0

0
0

10

20

30

40

50

400 W/m2

200 W/m2

Voltage (V)
1000 W/m2

800 W/m2

600 W/m2

Excellent performance under weak light conditions: at an irradiation intensity of 200 W/m2
(AM 1.5, 25 °C), 95.5% or higher of the STC efficiency (1000 W/m2 ) is achieved

Dealer information

Mechanical Characteristics
Solar Cell

Polycrystalline silicon 156 × 156 mm (6 inches)

No. of Cells

72 (6 × 12)

Dimensions

1956 × 992 × 50mm (77.0 × 39.1 × 2.0 inches)

Weight

27.0 kgs (59.5 lbs.)

Front Glass

4.0 mm (0.16 inches) tempered glass

Frame

Anodized aluminium alloy

Junction Box

IP67 rated (3 bypass diodes)

Output Cables

TUV (2Pfg1169:2007), UL 4703, UL44
4.0 mm2 (0.006 inches2), symmetrical lengths (-) 1100mm (43.3
inches) and (+) 1100 mm (43.3 inches)

Connectors

H4 connectors(MC4 connectable)

Packing Configuration
Container

20’ GP

40’ GP

40’ HC

Pieces per pallet

21

21

21

Pallets per container

5

12

24

Pieces per container

105

252

504

Specifications are subject to change without further notification
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